We have investigated, in a numerical and experimental way, a refractive index (RI) sensor based on surface plasmon resonance (SPR) in a silver-coated light-diffusing fiber (LDF). The experimental tests were conducted using water-glycerine mixtures with refractive indices ranging from 1.332 to 1.388. In the considered refractive index range, the experimental results show a sensitivity of the SPR wavelength to the outer medium's RI ranging from~2600 to~4700 nm/RIU, which is larger than the sensitivity recently reported for a gold-coated LDF sensor (~1200 to~4000 nm/RIU). The silver-coated sensor is also shown to ensure a higher signal-to-noise ratio (SNR) compared to the gold-coated sensor.
Introduction
An efficient optical sensing technique used to measure the refractive index (RI) of a dielectric medium (liquid media) in contact with a metal film is surface plasmon resonance (SPR). The technique exploits the interaction between free electrons of a metallic film and light, at the metal-dielectric interface. In SPR sensors, a high sensitivity can be obtained by the use of a silver (Al) or gold (Au) film. These metals, in particular the gold, are chemically stable and can be used in biochemical applications. Fiber-optic SPR sensors present several advantages, such as a low cost and small size, high performances, a very low sample volume, remote sensing capabilities, portability, and miniaturization. The small size of fiber-optic SPR sensors allows them to be incorporated into a multiple-fiber detection platform for the concurrent measurement of various components, such as different bio-chemical substances. In fact, efficient biosensors can be realized by immobilizing a bio-chemical receptor over the surface of an optical fiber SPR platform. These biosensors have been broadly studied [1] [2] [3] [4] [5] [6] [7] . Several variations have been introduced by exploiting different types of fibers and/or different manufacturing processes, in an effort to achieve an optimum sensitivity of the SPR sensor platform [8] [9] [10] [11] [12] [13] [14] .
Excitation at the interface between a metal film and the surrounding medium of a superficial plasma wave requires access to the light propagating in the optical fiber [13] . In single-mode optical fibers, this usually requires the removal of the cladding by chemical etching, which raises production costs and affects the robustness of the sensor platform. In multimodal optical fibers with a silica core and polymer coating (the so-called hard-clad fibers), the cladding is easily removed using mechanical tools. However, SPR multimode sensors show a strong dependence of the SPR wavelength on the incidence angle of the incoming light [7, 12] . We have recently demonstrated that a light-diffusing fiber (LDF), covered with a thin gold film, can be successfully employed as an SPR sensor platform [15] . Light-diffusing fibers have been designed with scattering centers in the core, leading to efficient light scattering through the sides of the optical fiber and along its length. Thanks to random scattering, the SPR phenomenon of an LDF is essentially independent of the incidence angle of the excitation light [15] .
In SPR sensors, the thickness of the metal film or the metal material can generally be adjusted, according to the range of refractive indices to be detected. In the following, we report the results of an SPR sensor fabricated by sputtering a thin silver film above the uncoated area of the same LDF used in Ref. [15] . Comparing the new results with those achieved for the gold-coated SPR sensor, we show that the silver-coated sensor is more sensitive to RI changes and exhibits a higher SNR than the gold-coated sensor. Figure 1 shows the host platform, based on a light-diffusing fiber (Fibrance®by Corning®, New York, NY, USA) formed by low-index polymeric cladding with a diameter of 230 µm, and a core of silica with a diameter of 170 µm [16] . This fiber has a nominal numerical aperture (NA) of >0.5, and the guided light is scattered radially outward, as reported in Figure 1b , through helical voids in random manner distributed along the core and wrapped around the axis of the fiber. In addition, the amount of scattered light is controlled by the pitch of the helical voids, with smaller pitches scattering more light than larger pitches. In our sample, the pitch is such that 90% of incoming light is scattered outside the fiber within the first 10 meters. The void diameter varies from 50 to 500 nm, scattering the light almost independently of its wavelength [16] .
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Silver metal presented good adhesion to the core, as proved by its resistance to rinsing in de-ionized water. Figure 2 shows that the SPR-LDF sensor system comprises a tungsten halogen light source (HL2000, Ocean Optics, Dunedin, FL, USA), and a spectrometer with a detection range from 350 to 1000 nm (FLAME-S-VIS-NIR-ES, Ocean Optics, Dunedin, FL, USA). The light emitted by the tungsten lamp is coupled to the light diffusing fiber, while the transmitted light is analyzed through the spectrometer. The transmission spectrum of the fabricated sensor has been recorded while varying the surrounding refractive index (SRI) using water-glycerol mixtures at different concentrations. An Abbe refractometer (model RMI by Exacta Optech, Germany) with a precision of 0.001 was used to measure the RI of each prepared mixture.
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Results and Discussion
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For these multimode fibers, a ray-optic description of light transmission through a fiber can be used in order to compute the power transmitted through the LDF [15] . According to this model, each optical ray propagating over a sensing length L experiences an amount of optical loss, depending on the reflection coefficient at the core-cladding interface and the number of reflections. As both these quantities depend on the propagation angle, by summing the power contributions over all the acceptance angles (θ c , π/2), the power is calculated, where θ c = sin −1 (n cl /n c0 ) is the critical angle outside the region of the sensing. So, assuming non-polarized light, the results for the p-polarization and s-polarization must be averaged. Therefore, the normalized transmitted power is [18] 
where P 0 (θ i ) is the initial power propagated by total internal reflection (TIR), N(θ i ) = cot(θ i )L/d is the number of reflections, and d is the diameter of the core; whereas R p and R s , for p-polarization and s-polarization, respectively, are the Fresnel reflectance coefficients at the boundary between the sensing medium (liquid medium) and the core. The Fresnel coefficients are deduced from the multi-layer structure formed by the fiber core, the metal layer, and the surrounding medium. When multimode optical fibers are illuminated by a lens with an NA greater than that of the fibers, in the fibers the power distribution among the different modes can be described with a Lambertian distribution [18] . However, in the case of light-diffusing fibers, a more accurate assumption is a perfectly scrambled angular distribution (P 0 (θ i ) = const in Equation (1)) [15] , due to the scrambling of optical energy operated by exploiting the helical voids running along the core. Figure 3a ,b show the experimental and numerical transmission spectra of the prepared sample. Each spectrum was obtained through normalization to the reference spectrum, acquired with air as the surrounding medium. As expected, both numerical and experimental spectra exhibit shorter SPR resonance wavelengths, compared to those achieved with the gold-coated sensor [15] . In particular, the SPR wavelength measured at n sm = 1.332 is ≈ 570 nm, against an SPR wavelength of ≈630 nm measured with the gold-coated sample. In addition, a fine agreement between experimental and numerical spectra, in terms of minimum transmittance, is observed. In fact, except for the measurement in water (n sm = 1.332), in all other cases, the minimum transmittance is around 75%, in good agreement with simulations.
Fibers 2019, 7, 34 4 of 7 measurement in water ( = 1.332), in all other cases, the minimum transmittance is around 75%, in good agreement with simulations. From the spectra shown in Figure 3 , we can deduce the SPR resonance wavelengths, i.e., the wavelengths related to the minimum of the transmitted power. The experimental and numerical SPR wavelengths are compared in Figure 4 . We see that, while the experimental sensitivity (the SPR wavelength shift per unit change in RI) is in good agreement with simulations, the experimentally determined SPR wavelengths are always higher than those computed numerically. In particular, for = 1.332 the experimental data indicate an SPR wavelength of 570 nm, while numerical simulations provide an SPR wavelength of 530 nm. The discrepancy in the location of the SPR absorption peak may be caused by some nonuniformity of the metal thickness, or even roughness of the metal surface [19] . We also underline that, while the numerical model implies a scattering of the LDF independent of wavelength, the actual behavior may be different. As no exact modeling of the LDF light scattering dependence on wavelength is available, experimental characterization is necessary when moving from gold [15] to silver as the SPR metal, as different wavelength ranges are involved. From the spectra shown in Figure 3 , we can deduce the SPR resonance wavelengths, i.e., the wavelengths related to the minimum of the transmitted power. The experimental and numerical SPR wavelengths are compared in Figure 4 . We see that, while the experimental sensitivity (the SPR wavelength shift per unit change in RI) is in good agreement with simulations, the experimentally determined SPR wavelengths are always higher than those computed numerically. In particular, for n sm = 1.332 the experimental data indicate an SPR wavelength of ≈570 nm, while numerical simulations provide an SPR wavelength of ≈530 nm. The discrepancy in the location of the SPR absorption peak may be caused by some non-uniformity of the metal thickness, or even roughness of the metal surface [19] . We also underline that, while the numerical model implies a scattering of the LDF independent of wavelength, the actual behavior may be different. As no exact modeling of the LDF light scattering dependence on wavelength is available, experimental characterization is necessary when moving from gold [15] to silver as the SPR metal, as different wavelength ranges are involved.
Fibers 2019, 7, 34 4 of 7 measurement in water ( = 1.332), in all other cases, the minimum transmittance is around 75%, in good agreement with simulations. From the spectra shown in Figure 3 , we can deduce the SPR resonance wavelengths, i.e., the wavelengths related to the minimum of the transmitted power. The experimental and numerical SPR wavelengths are compared in Figure 4 . We see that, while the experimental sensitivity (the SPR wavelength shift per unit change in RI) is in good agreement with simulations, the experimentally determined SPR wavelengths are always higher than those computed numerically. In particular, for = 1.332 the experimental data indicate an SPR wavelength of 570 nm, while numerical simulations provide an SPR wavelength of 530 nm. The discrepancy in the location of the SPR absorption peak may be caused by some nonuniformity of the metal thickness, or even roughness of the metal surface [19] . We also underline that, while the numerical model implies a scattering of the LDF independent of wavelength, the actual behavior may be different. As no exact modeling of the LDF light scattering dependence on wavelength is available, experimental characterization is necessary when moving from gold [15] to silver as the SPR metal, as different wavelength ranges are involved. As regards sensitivity, the quadratic fitting curve permits us to extrapolate a sensitivity ranging from 2600 nm/RIU (at n sm = 1.332) to 4700 nm/RIU (at n sm = 1.380).
Finally, it is worth comparing, at least for a couple of SRI values, the performance of the silver-coated sensor with that of the gold-coated sensor in terms of the signal-to-noise ratio (SNR) and sensitivity (S). Let us recall that SNR is defined as the SPR wavelength shift (∆λ SPR ) for a prescribed RI change, normalized to the full-width-at-half-maximum (FWHM) of the SPR curve (∆λ FWHM ), whereas the sensitivity is defined as the resonance wavelength shift per unit change in RI. Therefore, sensitivity and SNR equations are as follows [15] :
where λ SPR is the resonance wavelength and n sm is the surrounding refractive index. We compare in Table 1 the sensitivity and SNR of the silver-coated and gold-coated sensors, as derived from Equation (2), Equation (3), and the experimental data at n sm = 1.332 and n sm = 1.350. The reported values indicate that the silver-coated sensor not only has a higher sensitivity than the gold-coated sensor, but also exhibits a better SNR at both refractive indices. 
Conclusions
We have shown that efficient SPR refractive index sensors can be realized by deposing a thin silver film over a short length of an uncoated light-diffusing fiber. Compared to the gold-coated SPR sensor described in Ref. [15] , the silver-coated sensor provides a higher sensitivity ( 2640 nm/RIU vs 1180 nm/RIU at n sm = 1.332) and better SNR (0.21 vs 0.12 at n sm = 1.332). Besides providing a high sensitivity, the tested plasmonic sensor does not require complex and expensive manufacturing of the fiber. Only the metallization of the sensing area is required. The developed sensor is repeatable and is suitable for real-time detection. Therefore, it could be used with different kinds of receptors for biochemical sensing applications.
While this paper represents the first comparative analysis between silver and gold SPR sensors based on an LDF platform, several previous analyses have led to the conclusion that silver-based SPR sensors exhibit enhanced sensitivity and narrower SPR resonance, compared to SPR sensors based on a gold film [20] [21] [22] [23] [24] . However, it is also true that silver is less chemically stable than gold, which makes it less appealing for biosensing applications. A possible solution may consist of using a multilayered film such as a bimetallic Au/Ag thin film [17] , or a tri-layered metallic structure [21] , which combines the enhanced SPR features of silver with the chemical stability of gold.
